Contrary to ordinary solids, which are normally known to harden by compression, the compressibility of SiO 2 ͑silica͒ glass has a maximum at about 2 -4 GPa and its mechanical strength shows a minimum around 10 GPa. At this pressure, the compression of silica glass undergoes a change from purely elastic to plastic, and samples recovered from above 10 GPa are found to be permanently densified. Using an improved, ab initio parametrized interatomic potential for SiO 2 we provide here a unified picture of the compression mechanisms based on the pressure-induced appearance of unquenchable fivefold defects. By means of molecular-dynamic simulations we find them to be responsible for the reduction of the mechanical strength and for permanent densification. We also find that the compressibility maximum does not require changes of the tetrahedral network topology.
I. INTRODUCTION
Network-forming materials such as the amorphous forms of ice and silica, have been for a long time known to display a number of structural, dynamical, and mechanical anomalies, that models and experiments are only recently starting to interpret based on fundamental atomistic processes. Changes in bond lengths, network topology, and atomic coordination resulting from the application of pressure provide an ideal testing ground for atomistic models. In the case of silica ͑SiO 2 ͒ glass, compression leads to an unexpected mechanical weakening, with a reported minimum of the yield strength around 10 GPa 1 where the mechanical response changes from purely elastic to plastic, as first noted by Bridgman.
2 Samples recovered from pressures lower than 10 GPa appear indistinguishable from the original material, while compression above 10 GPa results in the recovery of a densified amorphous polymorph, with densities 10-20 % higher than the density of the starting material. [2] [3] [4] [5] [6] [7] The compressibility of silica glass in the elastic region below 10 GPa is also anomalous, as it shows a maximum at about 2 -4 GPa. [8] [9] [10] [11] [12] [13] Despite the large pressure difference between the onset of the two anomalies, microscopic theories have traditionally attempted to explain both anomalies with a single model, typically consisting in the pressure-induced appearance of coordination defects triggering the activation of local rebonding events. [14] [15] [16] [17] In particular, local displacive mechanisms involving sixfold coordinated Si defects have been proposed earlier on as an effective microscopic path to compression and densification. 18 Such models are seriously questioned however, by the lack of evidence for coordination defects below 8 -10 GPa ͑i.e., where the compressibility anomaly takes place͒, in NMR, 21 x-ray diffraction, 22 Raman, 23, 24 and infrared spectroscopy 25 experiments. Moreover, most of the models proposed so far for densified glass obtained from cold decompression at room temperature, 14, 15, 26 contain sizable amounts of coordination defects, which are also not seen in experiments. 11, 27 In order to overcome this problem, models have been introduced, which explicitly forbid coordination changes. While some of these models correctly reproduce the compressibility maximum, 13 they obviously cannot account for the cold densification process, as this is known to be crucially affected by coordination defects. [22] [23] [24] [25] More recently, an improved threebody potential has been successfully used to reproduce the elastic-to-plastic transition in shocked glass, 28 however, more than 95% of the Si atoms were reported to be still in fourfold coordination at pressures exceeding 20 GPa, which is in contrast with the experimental observation of substantial coordination changes above 10 GPa. 22 Here we provide, using an ab initio parametrized interatomic potential for SiO 2 , a unified theoretical model based on the pressure-induced appearance of fivefold coordinated silicon above 8 -10 GPa, which describes all the observed phenomenology. In Sec. II we present the method, in Sec. III we discuss our findings, and in Sec. IV we summarize the results.
II. COMPUTATIONAL METHODS
Previously employed atomistic models for SiO 2 have been shown to be unable to reproduce the pressure-induced coordination changes found in ab initio molecular-dynamic simulations of liquid SiO 2 . 19, 20 In this work we use a potential that was recently developed for silica, 20 which describes experimental data on most SiO 2 low-pressure crystalline polymorphs better than any other empirical model. 29, 30 With this potential we generated by molecular dynamics ͑MD͒ a glass sample consisting of 192 SiO 2 formula units by quenching a liquid configuration from 3000 down to 300 K at a rate of 14 K / ps. The MD time step was set to 0.72 fs ͑30 a.u.͒. We then analyzed the behavior of compressed glass by following two distinct routes: ͑i͒ by slow, cold compression at 300 K, at a rate of 0.3 GPa/ ps, followed, at each pressure, by an equilibration time of 20 ps; and ͑ii͒ by repeating the quenching procedure from the liquid at selected pressures. The compression was performed using a variable-cell, constant-pressure algorithm, 31 and temperature was controlled by means of a Nosé thermostat.
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III. RESULTS AND DISCUSSION
In Fig. 1 we show the densities obtained as a function of pressure for the two compression protocols. Error bars for cold compression were evaluated by decreasing the compression rate between adjacent pressure points by up to ten times. Quenching rates from the liquid were instead found to be converged within the error bars of the cold compression run. The two compression mechanisms lead to different results for pressures below 10 GPa, but start to converge to similar structures and densities above 10 GPa. This indicates that below 10 GPa a "thermodynamical" minimum ͑within the realm of disordered phases͒ is not reached upon cold compression at least on the time scale of several tens of picoseconds. This is in agreement with experimental data, 7, 12, 17 where temperature annealing is shown to be necessary to bring the system to a state of higher density and, presumably, lower enthalpy, at pressures below about 10 GPa. Experiments also indicate that the kinetics to reach thermodynamic equilibrium has a faster rate for increasing pressure, 12, 17 in agreement with our finding that at 10 GPa the two compression routes start to converge to similar results.
A microscopic analysis of the average Si-O coordination number ͑Fig. 2͒ shows that the silicon coordination number deviates significantly from the ideal value of four, characteristic of a perfect tetrahedral network, only above 8 -10 GPa, in agreement with experiments on compressed glass. [22] [23] [24] [25] We verified that the network topology also did not change, up to 8 GPa. Such a rigidity of the network explains the elastic recovery of the samples below the threshold pressure. We calculated the compressibility of the glass compressed up to 28 GPa, and found it to display a maximum at about 3-5 GPa ͑Fig. 3͒, in fair agreement with experimental data on the compressibility 9,10,12 and on the sound velocity. 11 We therefore conclude that the compressibility maximum is not a consequence of a change in the network topology-as it would result, for example, in the case of an underlying kinetically hidden phase transition 33 -nor of a change in Si coordination, as argued in Ref. 14. Rather, it is the consequence of a continuously increasing number of Si-O-Si plane-normal reversals ͑Fig. 4͒, as already suggested by Huang and Kieffer, 13 and first hypothesized by Vukcevich. 8 Such reversals can be interpreted 13 as a continuous sequence of local reversible structural transitions similar to those which underlie the ␣-to-␤ transition in cristobalite. We also find that within the limits of our discrete pressure sampling no discontinuous phase transition takes place in the samples quenched from the liquid, in agreement with experiments on annealed samples, 7 but in contrast with earlier experimental findings 34 as well as with the claims of Lacks, 35 which were, however, based on cold compression simulations where the thermodynamical minimum cannot be reached.
Compression above 10 GPa results instead in important changes in the network topology and in irreversible densification. A similar elastic-plastic transition at around 9 -10 GPa has been found also in shock-wave simulations. 28 Topological changes of the network are tightly connected with the appearance of fivefold Si-O coordination defects ͑see Fig. 2͒ . The idea that coordination changes could be responsible for compression and densification of glasses above a critical pressure has been originally put forward by Stolper and Ahrens. 18 They suggested a displacive mechanism leading to the spontaneous formation of sixfold coordinated Si, which-they argued-could provide a microscopic path to the network reorganization required to obtain a densified recovered sample. Our simulations show that sixfold coordinated Si only appears in significant amounts above 16-20 GPa, in agreement with infrared spectroscopy studies, 25 while coordination changes are found to be essentially fivefold between 10 and 16 GPa. We thus infer that the plastic behavior observed in glass above 10 GPa is a consequence of the pressure-induced appearance of fivefold defects. The presence of fivefold coordinated silicon has been reported in silicate glasses 36 and crystals 37 quenched from high pressure. Fivefold defects are also known to be responsible for the diffusivity maximum in silicate melts, 38 and they have been also advocated among the possible transition states in the atomic migration mechanisms responsible for the high-temperature growth of quartz from glass. 39 Here we propose that fivefold coordinated Si-activated diffusion is responsible for the minimum of the glass yield strength observed at about 10 GPa in mechanical-strength measurements. 1 In order to corroborate such a hypothesis, we carried out MD calculations of the yield strength of our samples by subjecting them to time-dependent shear strains, increasing at a constant rate, at different pressures. 40 Due to the intrinsic time-scale limitations of our MD approach, our strain rates, 1% per 1 ps, are much faster than any experimental rate. However, the stress-strain curves shown in Fig.  5 indicate not only a qualitative agreement with the position of the observed minimum of the yield strength, but also, quite surprisingly, with the absolute values of the yield strength, indicating that the microscopic processes responsible for the strength of compressed glass can be activated on the time scale of our MD simulations. However, it cannot be excluded that other long-term processes ͑longer than the time scale of our MD simulations͒ may also contribute to the observed mimimum. Figure 6 shows that the plastic behavior is tightly correlated with the appearance of fivefold coordinated defects. Minimal sixfold coordination defects have been detected in the simulations of Fig. 6 , indicating that octahedral units such as those proposed in Ref. 18 do not play any role in the plastic behavior of silica glass at the onset of densification. In order to support our speculation that fivefold defects drive the plastic events, we show in Fig.  7 the mean-squared displacement of Si atoms, separating the contribution due to Si atoms that have remained fourfold coordinated throughout the simulation from that due to Si atoms that have experienced a fivefold instantaneous coordination for at least one time step during the run. In order to remove the component of the elastic displacement due to the change in shape of the simulation cell we calculated all displacements in scaled coordinates, as defined in Ref. 31 . By doing so we highlight the component of the atomic displacements due to internal elastic relaxation and/or to bond breaking and reforming, which is responsible for the plasticbehavior. The results shown in Fig. 7 indicate that fivefold coordination enhances local rebonding and relaxation, and therefore plasticity.
The existence of fivefold coordination defects in silica glass is consistent with several experimental data. X-raydiffraction experiments indicate that the Si-O bond length elongates starting from a pressure of about 8 -10 GPa. 22 Together with the lack of evidence for sixfold coordination below 17 GPa, from infrared experiments, 25 this implies the appearance of a sizable proportion of fivefold defects between 10 and 17 GPa. Moreover, our simulations show that the appearance of fivefold defects is accompanied locally by the formation of small rings in the network, with units similar to those reported in electronic structure calculations. For example, the number of three-membered rings doubles between 10 and 16 GPa. Such an increase is consistent with the interpretation of in situ high-pressure Raman experiments. 23, 24 Finally, x-ray experiments on the analog system GeO 2 glass indicate that in the pressure window 6 -10 GPa Ge is fivefold coordinated to oxygen on average. 42 This could be equally accounted for by an equal proportion of fourfold and sixfold coordination, however.
Simulated glass samples recovered by cold compression from 10-28 GPa are found to have densities in very good agreement with experimental data on densified glass, as shown in Fig. 8 . Both the threshold pressure and the range of densities agree well with the experimental data, [4] [5] [6] [7] as well as the fact that coordination defects disappear in the quenching process, leading to a dense but virtually defect-free ͑within 1-2 %͒ tetrahedral network, in agreement with Raman spectra. 27 It is important to stress that previous theoretical models for densified glass either contained unrealistically large concentrations of coordination defects, 14, 15, 26 or had to be obtained by annealing, 5, 43 or by forcing fourfold coordination. 5, 43 The capability of our interatomic potential to produce a tetrahedral densified glass by following the experimental route, is a further illustration of its accuracy.
IV. SUMMARY
We find that the observed transition from elastic to plastic behavior observed in compressed glass, and responsible for glass permanent densification, is due to the appearance of fivefold coordinated Si defects above a threshold pressure of 8 -10 GPa. Defects activate atomic diffusion and are respon- FIG. 6 . ͑Color online͒ Percentages of fivefold coordinated silicon during the runs described in Fig. 5 . The stress ͑in GPa͒ versus strain curves are those of Fig. 5 and are repeated here for clarity. Notice the peaks in the concentration of fivefold coordinated Si in connection with the onset of plastic events, as signaled by the sudden decrease of the shear stress. At 0 GPa the concentration of fivefold defects during such events is small but non-negligible ͑at least three simultaneous occurrences out of 192 Si atoms͒. sible for plastic behavior. NMR and x-ray-absorption spectroscopies would be ideally suited to verify our findings experimentally, but because fivefold defects are not quenchable to ambient conditions, experiments would have to be carried out in situ at high pressure, which is not presently possible. Finally, we confirm that the compressibility anomaly is a purely elastic phenomenon that does not require topology changes or hidden phase transitions.
